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Abstract
Objective To assess the range of strategies analysed in European cost-effectiveness analyses (CEAs) of colorectal cancer 
(CRC) screening with respect to the screening intervals, age ranges and test cut-offs used to define positivity, to examine 
how this might influence what strategies are found to be optimal, and compare them with the current screening policies with 
a focus on the screening interval.
Methods We searched PubMed, Web of Science and Scopus for peer-reviewed, model-based CEAs of CRC screening. We 
included studies on average-risk European populations using the guaiac faecal occult blood test (gFOBT) or faecal immu-
nochemical test (FIT). We adapted Drummond’s ten-point checklist to appraise study quality.
Results We included 39 studies that met the inclusion criteria. Biennial screening was the most frequently used interval 
which was analysed in 37 studies. Annual screening was assessed in 13 studies, all of which found it optimally cost-effective. 
Despite this, 25 of 26 European stool-based programmes use biennial screening. Many CEAs did not vary the age range, but 
the 14 that did generally found broader ranges optimal. Only 11 studies considered alternative FIT cut-offs, 9 of which found 
lower cut-offs superior. Conflicts between current policy and CEA evidence are less clear regarding age ranges and cut-offs.
Conclusions The existing CEA evidence indicates that the widely adopted biennial frequency of stool-based testing in 
Europe is suboptimal. It is likely that many more lives could be saved throughout Europe if programmes could be offered 
with more intensive annual screening.

1 Introduction

Colorectal cancer (CRC) is a major public health problem in 
Europe. It is the most common cancer in terms of incidence 
and second in terms of mortality, with 520,000 new cases 
and 245,000 deaths annually [1], and an estimated economic 
burden of ~€19 billion [2]. CRC screening can reduce mor-
tality by detecting disease at an earlier, more treatable stage 
[3]. Stool-based screening modalities are non-invasive tests 
such as the guaiac faecal occult blood test (gFOBT), faecal 
immunochemical test (FIT) and faecal DNA test. Imaging 
tests are invasive and employ either endoscopic approaches 
such as colonoscopy, sigmoidoscopy or non-endoscopic 
techniques such as computed tomography colonoscopy, 
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This review assessed the screening intensities analysed 
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magnetic resonance colonoscopy or colon capsule endos-
copy [4].

In 2003, the Council of the European Union (EU) rec-
ommended population-based CRC screening between ages 
50–74 years using gFOBT [5]. Many European countries 
have since initiated or expanded population-based CRC 
screening programmes [4]. Programmes have typically 
used gFOBT or FIT as the primary screening test and then 
employ colonoscopy to triage primary screen positives. FIT 
has superior test sensitivity to gFOBT and the advantage of 
the ability to quantitatively adjust the sensitivity and speci-
ficity trade-off by varying the FIT cut-off threshold for test 
positivity [6]. Thus, many programmes have switched from 
gFOBT to FIT [7].

Like many other screening programmes, the intensity 
of CRC screening can be varied by adjusting the screening 
start age, stop age and screening interval. CRC screening is 
cost-effective when offered at an appropriate intensity [6]. 
The relevance of multiple possible alternative intervention 
intensities has implications for the identification of opti-
mally cost-effective strategies that have been long recog-
nised within cost-effectiveness analysis (CEA) [8]. Problems 
can arise if CEAs include insufficient strategies. A study 
may conclude a given strategy is cost-effective but may 
have failed to consider other relevant strategies, including 
those that are potentially more effective and cost-effective 
[6]. Thus, when interpreting cost-effectiveness estimates of 
CRC screening it is important to consider whether analyses 
included sufficient variation in screening age range, screen-
ing intervals and FIT cut-offs to provide the most useful 
policy guidance.

The issue of whether sufficient strategies have been 
included within a CEA has to be considered within the con-
text of the objective of the analysis. While most CEAs may 
have a broad objective of attempting to find the optimally 
cost-effective strategy from among all possible strategies, 
others may have narrower objectives such as assessing the 
cost-effectiveness of moving from an old test to a new test 
while holding all other aspects of the screening schedule 
constant. In the latter case, the exclusion of a range of strate-
gies from a CEA might not be considered problematic given 
the specific study objectives.

The primary objective of our review is to assess the 
range of screening intensities considered in European CEAs 
regarding the screening age ranges, screening intervals and 
FIT cut-offs, and how this might influence what strategies 
are found to be optimally cost-effective. In particular, we 
aim to assess how many CEAs included annual screening 
and to examine if it is the optimal interval in those stud-
ies that have included it. Secondly, we aim to assess the 
intensity of current European CRC screening policies in the 
context of the current cost-effectiveness evidence regarding 

optimal screening strategies. We are not aware of any prior 
such examination of the CEA evidence of CRC screening 
regarding the optimally cost-effective choice and European 
screening policies.

2  Methods

Our review was conducted according to the Preferred 
Reporting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) guidelines [9]. The protocol is registered on 
PROSPERO (CRD42021283988), an international register 
of prospective systematic reviews.

2.1  Search Strategy

We conducted a systematic search of the PubMed, Web 
of Science and Scopus databases on 9 September 2022. 
The search strings are provided in the Supplementary 
Appendix 1. We also manually reviewed the reference 
lists of seven relevant systematic reviews on CEAs of 
CRC screening [10–16]. Characteristics of the European 
screening programmes were identified from recent aca-
demic publications and official websites for the national 
screening programmes. If the information were not avail-
able from these sources, we contacted local expert sources 
via email.

2.2  Eligibility Criteria

We included peer-reviewed CEAs of CRC screening in 
average-risk populations in the 27 EU member states and 
the UK (henceforth collectively referred to as Europe). The 
inclusion criteria were (i) model-based CEA simulations 
of CRC screening using stool-based tests, (ii) conducted in 
average-risk populations and (iii) set in Europe. The exclu-
sion criteria were studies (i) of stool-based tests other than 
FIT or gFOBT such as stool DNA testing, as these are not 
yet widely used in population based screening programmes; 
(ii) that did not report quality-adjusted life-years (QALYs) 
or life-years gained (LYG) or equivalents such as life-years 
saved; (iii) that did not report costs; (iv) not of a screening 
intervention; (v) not written in English and (vii) reviews, 
conference abstracts, editorials and notes.

2.3  Study Selection

The titles and abstracts of studies from the database 
searches and other sources were recorded in Micro-
soft Excel (version 2108) and duplicates were removed. 
Records were independently screened by two reviewers 
(R.P. and Y.L.). A third reviewer (J.O.M.) was consulted in 
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case of disagreement and was resolved through discussion. 
Full text of studies that met the inclusion criteria were 
exported to the Mendeley reference management software 
(version 2.57) and examined in full.

2.4  Data Extraction

Two reviewers (R.P. and Y.L.) individually extracted the 
study publication year, authors, country setting, study 
objectives, details of the simulated strategies such as 
screening start and stop ages, intervals between screens, 
test modality, costs, estimated QALYs or LYG, reported 
incremental cost-effectiveness ratio (ICER) and cost-effec-
tiveness threshold (if stated). A third reviewer (J.O.M.) 
checked a random 20% of the extracts for verification.

Regarding each study’s objectives, we extracted the stated 
study aim from each manuscript and categorised it according 
to whether it corresponded with the typical broad objective 
within CEA of attempting to find the optimally cost-effec-
tive strategy or if it stated a narrower aim of attempting to 
appraise a particular policy or a change in a limited number 
of policy elements. For example, Babela et al. stated its aim 
was to evaluate the cost-effectiveness of biennial and annual 
strategy among the Slovak population aged 50–75 years. 
Thus, we considered this as a narrow objective [17]. By 
comparison, Whyte et al. stated its aim was to determine the 
optimal strategy in terms of screening age range, screening 
frequency and FIT threshold to inform policy making, which 
we therefore considered as a broad objective [18].

2.5  Determining the Optimally Cost‑Effective 
Strategy

We interpret the optimally cost-effective strategy in the 
conventional way as being the most effective strategy with 
an ICER within the cost-effectiveness threshold. As not all 
studies report a threshold, we used the threshold reported in 
other studies from the same setting as a proxy or if availa-
ble, an explicit CEA threshold specific to the country. When 
other studies from the same setting that reported different 
thresholds were available, we used the highest as the proxy 
threshold. We also conducted a sensitivity analysis in which 
instead of using the highest threshold we found, we applied 
the lowest. In our base-case analysis we assess all studies on 
the assumption that a CEA should consider as many relevant 
strategies as practical to identify optimally cost-effective 
policies. As a secondary analysis, we exclude those studies 
identified as having a narrower study aim.

2.6  Assessment of Quality of Studies

A quality assessment checklist was developed based on 
Drummond’s ten-item checklist [19], with adjustments 
corresponding to our study aims. The adjusted checklist 
is attached in Supplementary Appendix 2. The adjusted 
Drummond checklist was used to assess the quality of the 
reviewed studies. We use the same ten topic areas as the 
original Drummond checklist but omitted 9 of the 33 spe-
cific subquestions as they did not apply to the studies consid-
ered here. Each study was graded on the ten topic areas, with 
a 1 and 0.5 being awarded where the study fully or partially 
satisfied the checklist questions, respectively, and 0 where 
the questions were not satisfied. Grades were totalled to gen-
erate a summary score. R.P., Y.L., E.M. and J.O.M. assessed 
the studies based on the quality assessment checklist.

3  Results

Our search identified 984 studies yielding 430 unique stud-
ies after removing duplicates. Following title and abstract 
screening, 382 studies were excluded. We assessed the full 
texts of the remaining 56 studies and 7 additional stud-
ies identified from manual reference checking. A total of 
39 studies were ultimately included [6, 17, 18, 20–56]. A 
PRISMA diagram is shown in Fig. 1.

As detailed in Table 1, CEAs of stool-based tests were 
simulated in 14 different countries; France, the Netherlands 
and the UK were the most frequent source countries with 
nine, seven and seven studies respectively. Slovakia is the 
only country within the sample from Central and Eastern 
Europe as defined by the Organisation of Economic Coop-
eration and Development [57]. Most studies (n = 33, 85%) 
were conducted after 2010. Of the 39 studies, 37 studies 
(95%) were published after the European Council’s 2003 
recommendations. Of the 39 studies, 11 had narrow analysis 
objectives while the remaining 28 corresponded to the broad 
CEA objective of seeking optimally cost-effective strategies 
(Supplementary Appendix 3). Of those studies that had nar-
row objective, seven focused on screening tests alone or in 
combination with age range and cut-offs [21, 24, 38–40, 
46, 47], two focused on assessing specific policies [25, 34], 
one on a change to the screening interval [17] and one on 
changes to the age range and cut-off [50].

Of the 39 CEAs, 22 (56%) exclusively analysed stool-
based tests while 17 (44%) also assessed image-based pri-
mary screening modalities. Of those that exclusively sim-
ulated stool-based tests, 12 assessed FIT only, 3 assessed 
gFOBT only, 6 assessed both FIT and gFOBT, and 1 
assessed a biomarker test. Nearly all studies assessed strat-
egies in which recipients receive the same modality over 
the entire screening programme. One exception was set in 
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Germany, in which younger screenees start with stool-based 
testing but later switch to image-based testing [36].

While most studies included some variation of screening 
strategies regarding the screening age range, interval or FIT 
cut-off, the level of variation was limited. There were 25 
(64%) studies that only simulated five strategies or fewer. 

Nine out of those 25 studies were from the set with narrow 
objectives.

Figure 2 illustrates the screening intervals considered 
by the reviewed studies. Regarding the screening interval, 
14 studies (36%) examined more than one screening inter-
val. Biennial screening was the most frequently simulated 

Fig. 1  The PRISMA flow diagram of the literature search and selection process. PRISMA preferred reporting items for systematic reviews and 
meta-analyses
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Table 1  Characteristics of CEAs conducted in Europe

Authors, 
year of 
publication 
(n = 39)

Simulation 
setting

Stool-
based tests 
included

Screening 
interval 
(years)

FIT cut-off 
(µg Hb/g)

Screening start and stop ages Number 
of stool-
based 
strategies

CEA 
cost-effec-
tiveness 
threshold 
reported (/
QALY)

Optimally 
cost-
effective 
stool-based 
strategy 
(test name, 
interval, 
FIT cut-off, 
age range in 
years)

Areia et al., 
2019 [20]

Portugal FIT 2 20 50–74 2 €39,760 FIT, bien-
nial, 20, 
50–74

Aronsson 
et al., 
2017 [21]

Sweden FIT 2, twice in 
lifetime

10 60–62/80 2 €10,000 FIT, bien-
nial, 60–80

Arrospide 
et al., 
2018 [22]

Spain FIT 2 20 50–69 1 €30,000a 
[58]

FIT, bien-
nial, 20, 
50–69

Babela 
et al., 
2021

[17]

Slovakia FIT 1, 2 20 50–75 2 $50,000 FIT, annual, 
20, 50–75

Barre et al., 
2020

[23]

France FIT 2 30 50–74 3 €40,000 FIT, bien-
nial, 30, 
50–74

Berchi 
et al., 
2004

[24]

France FIT, FOBT 2 Not given 50–74 4 €50,000a 
[46]

FIT, bien-
nial, NG, 
50–74

Chauvin 
et al., 
2012 [26]

France FIT, FOBT 2 Not given 50–80 2 €50,000a 
[46]

FIT, biennial

Coretti 
et al., 
2020 [25]

Italy FIT 2 20 50–70 1 €30,000 FIT, bien-
nial, NG, 
50–70

Currais 
et al., 
2021 [27]

Portugal FIT 2 20 45 onwards 1 €39,760 None

Goede 
et al., 
2013 [28]

The Neth-
erlands

FIT 1, 1.5, 2, 3 10, 15, 20, 
30, 40

45/50/55/60–70/75/80 960 €50,000a 
[37]

FIT, annual, 
10, 45–80

Greuter 
et al., 
2016 [29]

The Neth-
erlands

FIT 2 15 55–75 1 €50,000a 
[37]

FIT, bien-
nial, 15, 
55–75

Gyrd 
Hansen 
et al., 
1998a 
[30]

Denmark FIT, FOBT 2,1 Not given 50/55–74 5 DKK 
88,000a 
[59]

FOBT, 
annual, 
NA, 50–74

Gyrd 
Hansen 
et al., 
1998b 
[31]

Denmark FOBT 3, 2, 1.5, 1 NA 50/55/60/65/70–54/59/64/69/74 60 DKK 
88,000a 
[59]

FOBT, 
annual, 
NA, 50–74

Hassan 
et al., 
2011 [32]

France FIT, FOBT 1, 2 Not given 50–75 4 $50,000 FIT, annual, 
NG, 50–75
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Table 1  (continued)

Authors, 
year of 
publication 
(n = 39)

Simulation 
setting

Stool-
based tests 
included

Screening 
interval 
(years)

FIT cut-off 
(µg Hb/g)

Screening start and stop ages Number 
of stool-
based 
strategies

CEA 
cost-effec-
tiveness 
threshold 
reported (/
QALY)

Optimally 
cost-
effective 
stool-based 
strategy 
(test name, 
interval, 
FIT cut-off, 
age range in 
years)

Heinävaara 
et al., 
2022 [55]

Finland FIT 1, 2, 3 10, 25, 40, 
55, 70

50/55/60/65–69/71/79 362 €10,000 FIT, annual, 
25, 50–79 
(m), 10, 
55–69 (w)

Heresbach 
et al., 
2010 [33]

France FIT, FOBT 2 Not given 50–74 2 €10,000 
and 
20,000

FIT, bien-
nial, NG, 
50–74

Idigoras 
et al., 
2018 [34]

Spain FIT 2 20 50–69 1 €30,000a 
[58]

FIT, bien-
nial, 20, 
50–69

Jahn et al., 
2019 [35]

Austria FIT, FOBT 1 Not given 50–75 2 €15,000 FIT, annual, 
NG, 50–75

Ladabaum 
et al., 
2014 [36]

Germany FIT, FOBT 1, 2 Not given 50–54, once at 50 and 60 5 €25,000 
and 
50,000

FIT, annual 
(50–54) 
followed 
by biennial 
up to 75

Lansdorp-
Vogelaar 
et al., 
2018 [37]

The Neth-
erlands

FIT 1, 1.5, 2, 3, 
5, 7, 10

10 40/50/55/60–70/75/80 84 €50,000 FIT, annual, 
10, 45–80

Lee et al., 
2010 [56]

The UK FOBT 2 NA 60–69 1 £30 000 b

Lejeune 
et al., 
2004 [38]

France FOBT 2 NA 50–74 2 $20,000 FOBT, bien-
nial, NA, 
50–74

Lejeune 
et al., 
2010 [39]

France FIT, FOBT 2 Not given 50–74 2 £20,000 FIT, bien-
nial, NG, 
50–74

Lejeune 
et al., 
2014 [40]

France FIT, FOBT 2 4, 30, 35, 
35.2, 40, 
41, 46.8, 
50, 58.6, 
60, 70.4

50–74 15 £20,000–
30,000

FIT (2 sam-
ples), bien-
nial, 35.2, 
50–74

Macafee 
et al., 
2008 [41]

The UK FOBT 2 NA 60–69 1 £20,000a 
[18]

FOBT, bien-
nial, NA, 
60–69

McFerran 
et al., 
2022 [6]

Ireland FIT 1, 2, 3, 4, 5 10, 15, 20, 
30, 40

45/50/55/60/65/70–70/75/80 525 €20,000 FIT, annual, 
10, 50–80

Murphy 
et al., 
2017 [42]

The UK FIT, FOBT 2 20, 40, 
100, 150, 
180

60–74 6 £20,000 FIT, bien-
nial, 20, 
60–74

Pil et al., 
2016 [43]

Belgium FIT 2 15 56–74 4 €35,000 FIT, bien-
nial, NG, 
55–74
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Table 1  (continued)

Authors, 
year of 
publication 
(n = 39)

Simulation 
setting

Stool-
based tests 
included

Screening 
interval 
(years)

FIT cut-off 
(µg Hb/g)

Screening start and stop ages Number 
of stool-
based 
strategies

CEA 
cost-effec-
tiveness 
threshold 
reported (/
QALY)

Optimally 
cost-
effective 
stool-based 
strategy 
(test name, 
interval, 
FIT cut-off, 
age range in 
years)

Senore 
et al., 
2019 [44]

Italy FIT 2 20 58–69 1 $50,000 FS at age 58 
+ biennial 
FIT for 
all non-
attendees 
to FS

Sharp 
et al., 
2012 [45]

Ireland FIT, FOBT 2 20 55/65–64/74 6 €45,000 FIT, bien-
nial, 20, 
55–74

Sobhani 
et al., 
2011 [46]

France FIT, FOBT 2 10, 15, 20, 
30

50–62 2 £30,000 FIT (3 
sample), 
biennial, 
10, 50–62

Tappenden 
et al., 
2007 [54]

The UK FOBT 2 NA 50/60/61–69/70/74 5 £20,000a 
[18]

FS age 60, 
FOBT, 
biennial, 
NA, 61–70

Thomas 
et al., 
2021 [51]

The UK FIT 2 20, 80, 120 50/54/58/60–74 25 £20,000 FIT, bien-
nial, 120, 
56 (m)/60 
(w) to 74

Van der 
Meulen 
et al., 
2017 [53]

The Neth-
erlands

FIT 1, 1.5, 2, 3 10, 15, 20, 
30, 40

40/45/50/55/60/65–70/75/80/85 480 €20,000 FIT, annual, 
10, 45–80

Van Ros-
sum 
et al., 
2011 [47]

The Neth-
erlands

FIT, FOBT Once in 
lifetime

20 50–75 2 €25,000–
100,000

FIT, once in 
a lifetime, 
20, 50–75

Whyte 
et al., 
2012 [48]

The UK FIT, FOBT 2 20 56/60/66–69/74 9 £20,000 FS age 55, 
FIT, bien-
nial, 20, 
56–74

Whyte 
et al., 
2021 [18]

The UK FIT 1, 2, 3, 4, 
5, 6

4–36 50/51/52/53/54/55/56/57/58/59/60–
74

60,221 £20,000 FIT, annual, 
27–32.8, 
50/51–
71/74

Wilschut 
et al., 
2011a 
[49]

The Neth-
erlands

FIT 1, 1.5, 2 10, 15, 20, 
30, 40

45/50/55/60–70/75/80 48 €20,000 FIT, annual, 
10, 45–80

Wilschut 
et al., 
2011b 
[50]

The Neth-
erlands

FIT, FOBT 1, 1.5, 2 10, 15, 20, 
30, 40

45/50/55/60–70/75/80 48 €50,000a 
[37]

FIT, annual, 
10, 45–80

FIT faecal immunochemical test, FOBT faecal occult blood test, FS flexible sigmoidoscopy, CTC  computed tomography colonoscopy, QALY 
quality-adjusted life-years, NA not applicable, NG not given, µg Hb/g microgram haemoglobin per gram, DKK Danish krone
a CEA threshold cited in other literature from the same country
b Insufficient information to define the optimally cost-effective stool-based strategy
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interval which was assessed in 37 (95%) studies, of which 
23 (59%) considered no other interval, assessing only bien-
nial screening. The 11 studies addressing narrow objective 
are shown with grey markers in Fig. 2, 8 of which only con-
sidered biennial screening. Whilst annual screening was 
assessed in only 13 (33%) studies, the majority of these 
(n = 12) also considered other intervals.

Figure 2 uses a white diamond to highlight the intervals 
found to be optimally cost-effective in those studies which 
considered multiple intervals. All 13 studies that assessed 
annual screening intervals found it to be optimally cost-
effective. That is, annual screening was the most effective 
strategy with an ICER within the CEA threshold in all cases. 
Naturally, that annual screening was always found to be opti-
mally cost-effective does not imply that all strategies fea-
turing annual screening are cost-effective. Four studies that 
varied the screening age range and FIT cut-offs found some 

strategies featuring annual screening with ICERs above the 
threshold [6, 28, 31, 53].

Regarding the age ranges simulated, there was wide var-
iation in the ranges examined by the studies, as depicted in 
Fig. 3. Of the 39 studies, 27 (69%) did not consider alter-
native age ranges. The 11 studies with narrow objectives 
are depicted with the white hatching, 9 of which only con-
sidered a single age range. Ages 50–74 years was the most 
commonly analysed range, which was assessed in 11 (28%) 
studies followed by 50–75 years used in 9 (23%). Only 7 
(18%) included start ages below 50 and 12 (31%) analysed 
stop ages above 75 years. Figure 3 uses white diamonds to 
indicate the start and stop age of those age ranges found to 
be optimal within those studies that did consider alterna-
tive age ranges. All such studies found starting and stop-
ping between 45–50 and 74–80 years, respectively, to be 
optimal. In the sensitivity analysis using the lowest CEA 
threshold where more than one is available, we found a 

Fig. 2  Screening intervals simu-
lated in studies
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policy change in one study. In the study, the start age of 
50 years was found optimal instead of 45 years [28].

The FIT cut-off was reported in 26 of the 34 studies 
(77%) examining FIT-based strategies. Figure 4 presents the 
FIT cut-offs considered. The most common cut-offs used 
were 20 and 10 µg Hb/g of faeces with 18 and 10 studies, 
respectively (53% and 29%). Multiple cut-offs were exam-
ined in 11 (28%) studies. Of these, nine found lower cut-offs 
dominated, the exceptions being studies from the UK and 
France [18, 40]. There were eight studies with narrow objec-
tives with FIT cut-offs to report. These are shown in Fig. 4 
with the grey markers. Of these eight, five considered one 
cut-off alone.

3.1  Endoscopy Capacity Constraints

The potential for endoscopy capacity to constrain the feasi-
bility of screening strategies has been recognised by several 
studies. Colonoscopy capacity is mentioned as an important 

consideration by 20 studies (48%) [6, 18, 20–22, 25, 28, 
34, 37, 40, 42, 45, 48–55]. Of these, four studies actively 
considered strategies under capacity constraints within their 
analyses [6, 18, 50, 51]. Those studies found annual screen-
ing was not optimally cost-effective in constrained analyses 
but was optimal in analyses without capacity constraints.

3.2  European CRC Screening Provision

Table 2 summarises aspects of CRC screening in the Euro-
pean nations considered. Population-based screening is 
implemented in 22 of 28 European countries at national and 
regional levels. Cyprus and Estonia have pilot programmes. 
The countries without population-based programmes are 
Romania, Bulgaria, Greece and Latvia.

Most countries use stool-based primary testing, except 
Poland and the Austrian region of Vorarlberg which both use 
primary colonoscopy. All countries using stool-based test-
ing employ FIT, except Croatia where gFOBT test is used. 

Fig. 3  Screening age ranges simulated in studies
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Colonoscopy is used as triage in all countries with stool-
based primary testing.

Among the 26 countries with stool-based screening 
including pilot programmes, 23 screen biennially. The three 
exceptions are the Austrian region of Burgenland, which 
screens annually, and Germany and the Czech Republic, 
which reduce screening frequency with age. Germany 
screens annually between ages 50–54  years and then 
switches to biennial screening. Similarly, the Czech pro-
gramme screens annually between 50–54 years and partici-
pants are then offered biennial FIT or 10 yearly colonoscopy.

Screening start and stop ages also vary. Vorarlberg (in 
Austria) starts at 40 years; 14 countries start at 50 years and 
7 programmes start at 60 years. Estonia, Finland, Ireland, 
Spain and Sweden had the narrowest population age range 
covered of 60–69 years. Sex-specific start ages apply in Ger-
many at 50 and 55 years for men and women, respectively.

There is considerable variation in the FIT cut-off used 
across the EU. All countries use defined FIT thresholds 
except Malta, which uses a range of 16–20 µg Hb/g. Ger-
many and Lithuania use different cut-offs depending on the 
test manufacturer [66, 68]. Programmes using higher cut-
offs are Ireland and Netherlands with 45 and 47 µg Hb/g, 
respectively, and the constituent countries of the UK, where 
80–150 µg Hb/g is used. Programmes using lower cut-offs 
are Germany and Lithuania. The most common cut-off is 
20 µg Hb/g which is used in six programmes. Sex-specific 
cut-offs are used in Finland and Sweden.

3.3  Comparison of Policy to CEA Evidence

The most apparent overall observation when comparing 
the CEA estimates with European screening policies is that 
although studies that compared annual and biennial clearly 

Fig. 4  FIT cut-off simulated in 
studies
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Table 2  European CRC screening programmes characteristics

FIT faecal immunochemical test, FOBT faecal occult blood test, FS flexible sigmoidoscopy, TC total colonoscopy, µg Hb/g microgram haemo-
globin per gram, µg Hb/ml microgram haemoglobin per mililitre
a 50–54, annual; 55, biennial

Country Screening 
programme 
type

Start year Primary test Screening inter-
val (years)

FIT cut off 
(µg Hb/g)

Screening start 
and stop age 
(years)

Triage test References

Austria Burgen-
land

Organised 2003 FIT 1 10 40–80 Colonoscopy [60]

Austria Vorarl-
berg

Organised 2007 Colonoscopy 10 NA > 50 years [60]

Belgium Flan-
ders

Organised 2013 FIT 2 15 50–74 Colonoscopy [61]

Belgium Wal-
lonia

Organised 2009 FIT 2 15 50–74 Colonoscopy [62]

Bulgaria Opportunistic NA NA NA NA NA NA [63]
Croatia Organised 2007 FOBT 2 NA 50–74 Colonoscopy [63]
Cyprus (pilot/

planned)
Organised 2013 FIT 2 Not given 50–69 [63]

Czech Republic Organised 2000 FIT TC 1 or  2a 15 50+ Colonoscopy [64]
Denmark Organised 2014 FIT 2 20 50–74 Colonoscopy [63]
Estonia (pilot/

planned)
Organised 2016 FIT 2 Not given 60–69 [63]

Finland Organised 2009 FIT 2 25 (women), 70 
(men)

60–69 Colonoscopy [65]

France Organised 2009 FIT 2 30 µg/ml 50–74 Colonoscopy [23]
Germany Organised 1971 FIT/TC 1 or  2a 4, 6, 8, 10, 15, 

17, 25 µg/ml
50 (men), 55 

(women)
Colonoscopy [66]

Greece Opportunistic NA NA NA NA NA NA [63]
Hungary Organised 2018 FIT 2 20 50–70 Colonoscopy [67]
Ireland Organised 2012 FIT 2 45 60–69 Colonoscopy [45]
Italy Organised 1982 FIT/FS 2 20 50–69 Colonoscopy [25]
Latvia Opportunistic NA NA NA NA NA NA [63]
Lithuania Organised 2014 FIT 2 6/40 µg Hb/g or 

20 µg Hb/ml
50–74 Colonoscopy [68]

Luxembourg Organised 2016 FIT TC 2 Not given 55–74 Colonoscopy [63]
Malta Organised 2013 FIT 2 16–20 55–66 Colonoscopy [63]
The Netherlands Organised 2014 FIT 2 47 55–75 Colonoscopy [69]
Poland Organised 2012 Colonoscopy Once in a life-

time
NA 55–64 [63]

Portugal Organised 2009 FIT 2 20 50–70 [27, 63]
Romania NA NA FIT 2 NG NA NA [63]
Slovakia Organised 2019 NA NA NA NA NA [17]
Slovenia Organised 2009 FIT 2 20 50–74 Colonoscopy [70]
Spain Basque Organised 2008 FIT 2 20 60–69 Colonoscopy [34]
Sweden (Stock-

holm/Gotland 
County)

Organised 2008 FIT 2 40 (women), 80 
(men)

60–69 Colonoscopy [71]

UK – England Organised 2006 FIT 2 120 60–74 Colonoscopy [72, 73]
UK – Wales Organised 2007 FIT 2 150 55–74 Colonoscopy [74]
UK – Scotland Organised 2008 FIT 2 80 50–74 Colonoscopy [75]
UK – Northern 

Ireland
Organised 2010 FIT 2 150 60–74 Colonoscopy [76]
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indicate annual screening is optimally cost-effective when 
using FIT, many screening programmes use biennial screen-
ing in practice, which is both less effective and less cost-
effective. Studies indicating the superiority of annual screen-
ing have been published in the setting of the Netherlands, 
France, Denmark and Austria. In practice, while Burgenland 
(Austria) uses annual screening, it has done so since 2002, 
long before the Austrian CEA was published [35]. In the 
Netherlands, several Dutch CEAs were conducted prior to 
the implementation of organised screening in 2014 [28, 49, 
50, 53]. All of those that assessed annual screening found 
it cost-effective, yet the programme has employed biennial 
screening since its introduction, likely reflecting colonos-
copy capacity constraints. Similarly, in France, while eight 
of nine CEAs only considered biennial screening [23, 24, 
26, 27, 33, 38–40], one study did include annual screening 
and found it to be cost-effective [32]. Despite this, France 
has used biennial screening since 2002.

Regarding screening age ranges, CEA estimates suggest 
start ages of 50 years or lower to be optimal. In practice, 19 
of 33 programmes feature screening start ages of 50 years or 
below. Six programmes use a screening start age of 60 years, 
despite no CEA evidence which indicates it to be optimal. 
Ten programmes are using a stop age of 70 years or below 
contrary to the CEA evidence of a stop age between 74 and 
80 years being optimal.

Regarding the FIT cut-off, while most simulation esti-
mates indicate 10 µg Hb/g to be optimal, only Burgenland 
uses such a low threshold. Germany and Lithuania both fea-
ture cut-offs as low as 4 µg Hb/g, but not on a programme-
wide basis as there is variation in the cut-offs used within 
these systems. All Dutch CEA estimates report 20 µg Hb/g 
or lower to be optimal but the Dutch programme uses a 
higher cut-off of 47 µg Hb/g.

3.4  Quality Appraisal of the Studies Included 
in the Review

The quality appraisal checklist findings are reported in the 
Supplementary Appendix 2. Of the 39 studies, 2 achieved 
positive answers to all 10 checklist questions, and the 
remaining studies recorded 7.5/10 or higher overall. Princi-
pal areas of weakness were the comprehensive description of 
the competing alternatives and presentation and the descrip-
tion of the study results. Studies generally performed well 
on the remaining items.

4  Discussion

Our review assessed the screening intensities analysed by 
European CEAs of stool-based CRC screening and compared 
them with policy provision in Europe. We found that nearly 

all CEAs examined biennial screening, while only a minority 
considered annual screening. Every study that assessed both 
intervals found annual screening to be both more effective 
and cost-effective. Despite this, most European screening 
programmes currently use biennial screening. This indicates 
the widely adopted biennial screening interval in Europe is 
likely of suboptimal intensity. That many studies omitted 
what appears to be the optimal screening interval from their 
analyses may have led policy makers across Europe to adopt 
an insufficiently intensive screening frequency.

Although in some cases the choice of only simulating 
biennial screening can be explained by a narrow study objec-
tive, this does not explain why CEA analysts have simply 
chosen to simulate biennial screening rather than consider 
broader options is unclear in all cases. The 2003 European 
Council recommendation to adopt colorectal screening did 
not specify a particular interval [5]. The three European ran-
domised controlled trials (RCTs) of gFOBT published at that 
time had all examined a biennial interval [77–79]. It is possi-
ble that health economists simply reflected the trialled inter-
vals in their analyses. Despite this, a US trial completed in 
1992 included both annual and biennial screening and found 
the former more efficacious [80]. Indeed, North American 
RCTs and CEAs assessing stool-based testing have mostly 
analysed annual screening [14, 15]. Furthermore, annual 
testing is typically recommended by North American guide-
lines when stool-based testing is employed [81].

Existing CEA methods guidance strongly encourages 
modellers to simulate as broad a range of strategies as pos-
sible to correctly identify optimally cost-effective strategies 
[8]. Indeed, it has long been recognised that considering a 
broad range of strategies is of particular relevance to CEAs 
of cancer screening [8]. Furthermore, one of the motivat-
ing rationales of simulation modelling is that it permits the 
comparison of additional strategies not assessed in trials 
[82]. Moreover, it is noteworthy that the two earliest studies 
within our review by Gyrd-Hansen from 1998 examined a 
range of intervals including annual screening [30, 31]. In 
summary, the omission of annual screening by many studies 
is despite relevant trial evidence, well-established methods 
guidelines and one early simulation study indicating annual 
screening is relevant for policy consideration.

Another possible explanation of why many modellers 
restricted their analysis to biennial screening could be 
tacit acceptance of colonoscopy constraints, not explicitly 
explored in their analyses. The Netherlands, UK, Finland 
and Ireland have faced colonoscopy capacity constraints 
and have been transparent in modifying aspects of screen-
ing provisions to operate within available capacity [18, 28, 
45, 83]. It is possible that analysts only considered bien-
nial intervals as they anticipated there would be insuffi-
cient endoscopy capacity for annual screening. We believe, 
however, it is good practice to simulate a broad range of 
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strategies to correctly estimate the optimal strategy, with 
and without constraints. Such analyses have been published 
[6, 18], allowing modellers to demonstrate the shortcomings 
imposed by constraints and ensure policy makers are aware 
of the benefits of alleviating them.

The primary focus of this review has been the optimal 
interval, motivated in part by recent findings quantifying 
the potential QALY gains from an increase in colonoscopy 
capacity that would facilitate an increase in screening fre-
quency [6]. That study conducted in Irish setting estimated 
gains in QALYs of 167% compared with the current policy 
if colonoscopy capacity was expanded to permit intensifying 
the screening interval as well as broadening the age range 
and lowering the FIT cut-off [6]. From the studies reviewed 
here it is quite clear that annual screening seems preferable. 
Analogous findings also apply regarding the screening age 
range and FIT cut-off, though the conclusions may be less 
definitive. CEAs that varied the screening age range gener-
ally find that broader age ranges are preferable. Similarly, 
many but not all studies that vary the FIT cut-off found lower 
cut-offs preferable. Accordingly, the conclusions regarding 
the need for strategy variation apply to age range and cut-
off parameters also. The feasibility of optimising screening 
depends, in part, on available colonoscopy capacity. Moving 
from biennial to annual screening will increase colonoscopy 
demand, as will broadening the screening age range and 
reducing FIT cut-offs [28].

Our review shows that the simulation of restricted sets of 
policy alternatives is not merely a theoretical consideration 
but may have meaningful policy significance. That many 
studies have assessed an insufficient range of alternatives has 
resulted in incomplete cost-effectiveness evidence that may 
have misled decision-makers leading to inadvertently adopt-
ing supoptimal policies and failing to highlight how long-
term capacity expansion should be prioritised in healthcare 
planning. If health systems can increase screening capacity 
to offer annual screening and populations chose to partici-
pate at that frequency, then it seems that many thousands of 
lives might be saved across Europe.

Our conclusions are naturally subject to caveats. Whether 
the simulation of a broader range of strategies results in 
more effective colorectal cancer screening is naturally con-
tingent on factors beyond the control of CEA modellers. 
Even if CEA modellers assess a comprehensive range of 
strategies, it not necessarily the case that policy makers will 
implement optimally cost-effective strategies. A full consid-
eration of the limits of CEA evidence on policy is beyond 
the scope of this manuscript but there are several points 
to consider. Policy makers may have priorities other than 
cost-effectiveness and we should not presume that decision 
makers seek to optimise cost-effectiveness. As mentioned 
above, colonoscopy capacity constraints may prevent policy 

makers from expanding screening services in the short to 
medium run, as might budget constraints. Indeed, our review 
finds four Dutch studies have indicated that annual screening 
would be optimal in the Netherlands [28, 37, 49, 50], yet 
only biennial screening is offered due to well-documented 
colonoscopy capacity constraints.

Even if policy makers do not or cannot offer the screening 
strategies that CEAs indicate to be optimal, we still believe 
it is important that CEAs simulate a broad range of strate-
gies. The only way policy makers can appreciate the conse-
quences of limiting the set of strategies under consideration 
or the impact of capacity constraints is with reference to 
simulation model estimates.

A further important caveat to our analysis is that the 
sample of studies from which there were CEAs to examine 
are drawn from Western Europe and thus predominately 
from wealthier European states. Moreover, the 13 studies 
within our sample that considered annual screening were 
from 7 wealthy European countries (Austria, Denmark, 
France, Finland, Ireland, the Netherlands and the UK). 
Furthermore, all five Dutch studies employed the same 
model. It is open to question whether annual screening 
would remain cost-effective when assessed among less 
wealthy countries, including those in Central and Eastern 
Europe.

While our review indicates that the likely optimal inter-
val for FIT screening is annual, there is emerging evidence 
regarding risk-stratified screening based on age, sex, prior 
screening history, lifestyle and/or genetic information [84]. 
Thus, the policies that provide optimally cost-effective CRC 
prevention might not necessarily require universal annual 
FIT screening and associated colonoscopy capacity. It seems 
likely that further research will address the potential for such 
tailoring and will probably support new policy recommenda-
tions without necessarily requiring large increases in colo-
noscopy capacity. The relevance of considering a breadth 
of strategies identified by our review will apply equally to 
research considering stratified policies.

Our review differs from previous systematic reviews of 
CEAs on CRC screening as those studies did not focus on 
the methodological consideration of the adequacy of the 
range of strategies. We focused on a specific question of the 
CEA evidence regarding optimal intervals for stool-based 
testing in the context of European screening policies. Thus, 
our review is limited compared with prior reviews in terms 
of the screening modalities examined and the context of 
simulations [10–16].

Our findings are based on reviewing the outcomes of 
modelling studies. We appreciate the uncertainty of simula-
tion analyses. There may be scope for further RCTs to reduce 
uncertainties regarding the benefits of intensified screening, 
especially as there has been only one RCT comparing the 
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biennial and annual intervals [80]. The same applies regard-
ing extending screening ages and lowering FIT cut-offs.

4.1  Limitations

Our study has several limitations. First, not all screening 
programmes clearly document screening strategy employed, 
especially the FIT cut-off used. Accordingly, we cannot be 
definitive about screening practices in all programmes. Sec-
ond, we did not examine the model types or assumptions 
used in studies which might have played a role in the optimal 
strategy recommendations. Despite possible differences, all 
relevant studies consistently found annual screening to be 
more effective and cost-effective than biennial screening. 
Third, we limited our analysis to stool-based based tests and 
did not consider image-based screening modalities or a com-
bination of stool and image-based modalities. Fourth, we 
limited our analysis to papers written in English.

5  Conclusions

The existing CEA evidence indicates that the widely 
adopted biennial stool-based testing in Europe is likely 
suboptimal. Every CEA that examined annual screening 
found it to be optimally cost-effective. It is the responsi-
bility of modellers to include a wide range of strategies 
beyond those examined in trials or recommended within 
guidelines to correctly identify optimal strategies and best 
inform decision-makers. CRC screening strategies, espe-
cially the intervals in FIT based testing should be recon-
sidered. It is likely that many more lives could be saved 
throughout Europe if programmes can offer more intensive 
annual screening. The feasibility of offering such frequent 
screening depends however on the colonoscopy capacity 
within each health system.
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